Summary. Glucose titration studies were performed on 17 patients with either chronic pyelonephritis or chronic glomerulonephritis. Glomerular filtration rates for the group ranged from 4.3 to 58.1 ml per minute. In none of the patients in whom the glomerular filtration rate was over 15 ml per minute was there appreciable splay, and the mean titration curve for these patients resembled that obtained by Smith and associates in normal man (1). In half of this group of eight patients, GFR ranged from 16.6 to 22.7 ml per minute; in the other half values ranged from 42.3 to 58.1 ml per minute. Yet, the mean titration curves were identical for the two groups. In addition, no difference was observed in the titration curves for patients with pyelonephritis and those with glomerulonephritis. In patients with GFR values below 15 ml per minute, increased splay was observed, and below a GFR of 10 ml per minute, the splay was very marked. Both the absence of exaggerated splay in patients with reduction of glomerular filtration rate by as much as 85%, and the emergence of exaggerated splay in patients with more marked reduction of GFR, require explanation. Theoretical considerations are presented in the text.
Introduction
Glucose reabsorption by the mammalian kidney is characterized by a maximal rate of transport or a Tm. When the plasma glucose concentration is increased progressively by glucose infusion, the increment in the filtered glucose is reabsorbed quantitatively until the Tm is approached. Before Tm is reached, however, some glucose is excreted, and in man the load must exceed the Tm by ap-proximately 50% before the reabsorptive capacity is saturated (1) . Thus, when the filtered load is plotted against glucose reabsorption, splay appears in the curve as reabsorption approaches Tm. In analyzing glucose titration curves to determine the distribution of glomerulotubular balance among the nephrons of normal individuals, Smith and his colleagues (1) obtained a bimodal frequency distribution curve. On the basis of this curve, it was suggested that the human kidney includes two groups of nephrons, one a large population, the other a relatively small population. If splay in the titration curve does indicate inhomogeneity of glomerulotubular balance for glucose, the glucose titration technique might lend itself well to an examination of the level of homogeneity of nephrons in the diseased kidney. If any segment of the nephron population exists in which tubular function (i.e., glucose reabsorption) is preferentially impaired, the ratio of GFR to glucose reabsorptive capacity should be greater than the average value for the whole kidney. Hence glucose should ap-157 
Methods
Eighteen glucose titration studies were performed on the 17 patients with chronic renal disease, all of whom were judged to be in optimal salt and water balance. The diagnosis in each patient was established either by renal biopsy or necropsy or on the basis of clinical criteria considered by at least three different observers to be unequivocal (Table I) . Each patient elected to take part in these studies after being informed fully of their investigative nature, the details of the procedures, and possible untoward effects. All drugs except digitalis were withheld for at least 24 hours before study. Food was withheld for 8 hours, but ad libitum water intake was permitted. Patients with GFR in excess of 10 ml per minute were encouraged to drink approximately a liter of water beginning 90 minutes before the first clearance period. Patients with lower GFR received smaller amounts of water.
Glomerular filtration rate was determined by the clearance of carboxyl-labeled inulin-"C. A priming dose of inulin-"C was administered intravenously and a sustain- T refers to glucose reabsorption in milligrams per minute. Load refers to the filtered load of glucose calculated as GFR X plasma glucose concentration. Both terms are factored by maximal rate of transport (Tm) to allow data from different patients to be plotted on the same graph. The two plots shown in the inserts are the mean curves for the patients with GFR levels between 16.6 and 22.7 ml per minute (left) and 43.8 and 58.1 ml per minute (right), respectively. dividual clearance periods varied from 10 to 20 minutes in duration depending upon the rate of urine flow. The number of periods obtained with each infusion varied from 2 to 5, and the total number of periods per study ranged from 15 to 22. Blood and urinary glucose concentrations were followed semiquantitatively during the infusions with glucose oxidase paper.
Arterial blood was collected throughout each clearance period from either the radial or brachial artery via an inlying Cournand needle. By virtue of the continuous collection technique employed, each plasma glucose level represents an integrated value for the entire clearance period. Blood samples were centrifuged shortly after collection, and all analyses were performed on the day of the studies. Urine was collected via an indwelling urethral catheter. All catheterizations were performed by a physician, and rigid aseptic technique was followed. Neosporin ointment was used as a lubricant. Urine cultures were obtained routinely at intervals after completion of the studies; there was no evidence that bacteriuria had been initiated in any of the patients. Each urine collection was terminated by two bladder washouts consisting of 20 ml of distilled water followed by one or more injections of air.
For the determination of inulin-l"C, plasma samples were deproteinized with zinc sulfate, and 0.5-ml samples of the filtrate were pipetted in duplicate into a toluenebased scintillation fluid (2). One ml of urine diluted 1: 5 or 1: 10 was pipetted in duplicate into the scintillation solution. All samples were counted for at least 10,000 counts in a Packard Tri-Carb liquid scintillation spectrometer (model 3214). A "C standard was added to each sample, and recoveries were determined in order to correct for quenching. Glucose concentration in plasma and urine was determined by a glucose oxidase method (3). Plasma proteins were precipitated with 0.3 M perchloric acid, and analyses were performed on the supernatant. Urine samples were passed through a column containing anion and cation exchange resins (Amberlite 120 and 400) before analysis to remove interfering compounds. Distilled water was used as a wash. Recovery experiments done on urine passed through these columns showed no loss of glucose as long as an adequate amount of wash was used.
Glucose titration curves and frequency distribution curves were calculated according to the technique originally described by Smith and associates (1) and recently re-presented by Letteri and Wesson (4 serves as an index of the fraction of the total nephron population. r/R is an expression for the ratio of glomerulotubular balance of groups of nephrons (r) to the mean value for glomerulotubular balance of both kidneys as a unit (R). The frequency distribution curve, therefore, depicts the relative frequency of nephron groups with various levels of glomerulotubular balance related to the mean value for the two kidneys.
continued until the blood sugar concentrations were well in excess of 600 mg per 100 ml. Some variation in the individual values for glucose reabsorption occurs at blood sugar concentrations above the level at which Tm occurs; hence values for T/Tm fall above as well as below the line of unity in titration curves. Individual titration curves were constructed by fitting the best curve to the experimental points.
Results
Values for GFR, Tmglucose, and GFR/Tmglucose ratios are shown in Table I . Glomerular filtration rate ranged from 4.3 to 58.1 ml per minute per 1.73 m2 BSA.
A mass plot of the glucose titration data for all patients with GFR values of over 15 ml per minute is shown in Figure 1 . In none of these patients was splay marked, and the mean curve does not differ appreciably from that observed by Smith and his co-workers in normal individuals (1) . Of the eight patients included in this group, GFR ranged from 16.6 to 22.7 ml per minute in four and from 42.3 to 58.1 ml per minute in the other four. Before including these patients in the same population, we calculated the mean titration curves separately for the two groups. These are presented as inserts in Figure 1 . The two curves are identical. Figure 2 depicts the frequency distribution curve, calculated according to the technique employed by Smith and co-workers (1), for the titration data shown in Figure 1 . The curve closely resembles that obtained by Smith for normal man (1) . The latter is included in the Figure for comparison.
In Figure 3 , a mass plot is shown for the titration data obtained in the four patients with GFR values between 10 and 15 ml per minute. Each of the individual titration curves exhibited an exaggerated splay, and the mean curve leaves the theoretical line earlier, returns to it later, and shows considerably more splay than does the curve depicted in Figure 1 .
In Figure 4 , data are shown for patients in whom GFR was below 10 ml per minute. Figure 1 , glomerular filtration rate, in relation to predicted normal values, was reduced by from 50% to over 85%.
Presumably, the reduction in nephron population, particularly in the patients with pyelonephritis, was at least as great as the reduction in GFR (5), yet, as indicated, the splay in these patients did not differ appreciably from that observed in normal man. Moreover, there was no greater splay in patients with GFR ranging from 16.6 to 22.7 ml per minute than in those with GFR ranging from 42.3 to 58.1 ml per minute, nor was the splay any different in the patients with pyelonephritis than in those with glomerulonephritis.
One possibility that must be considered in interpreting these data is that the nephrons with glomerular damage and those with tubular damage were equally distributed and that the one category of defective nephron canceled the effects of the other on the glucose titration curve. However, The emergence of exaggerated splay in patients Ruth GFR below 15 ml per minute There are at least three explanations that may be entertained for the progressive increase in splay observed in patients with GFR values below 15 ml per minute.
A) Functional heterogeneity secondary to far advanced disease. It is conceivable that at very low levels of GFR, the percentage of abnormal nephrons increases so that the pool of urine-forming nephrons constitutes an increasingly heterogeneous population. If this is valid, an explanation must be sought for the absence of exaggerated splay in the patients in whom GFR levels were reduced by as much as 85 %. B) Heterogeneity due to functional adaptations. Asymmetric hypertrophy of glomeruli and tubules could convert a nephron population into a heterogeneous group irrespective of the degree or severity of anatomic damage to the urine-forming nephrons. For example, if scar tissue within the severely diseased kidney restricted the degree to which GFR could increase adaptively in some areas of the kidney and the degree to which tubules could hypertrophy in other areas, heterogeneity might well appear. Again it would be necessary to determine why splay emerged only in those patients with GFR levels below 15 ml per minute rather than appearing in a gradually increasing pattern that paralleled the decrement in nephron population.
C) Alterations in kinetics of glucose transport. As recently reviewed by Berliner (6) , glucose reabsorption may be compared to a standard enzymatic reaction. Indeed if filtered glucose is employed as the substrate term and the rate of glucose reabsorption as the reaction velocity term, glucose reabsorption may be characterized by the Michaelis-Menten equation for analyzing the kinetics of enzyme reactions. Splay in the titration curve is analogous to the combination of first-order and zero-order kinetics that produces splay in a typical Michaelis-Menten plot. If this analogy is extended, it is evident that a change in the dissociation constant of a glucose: carrier complex, the presence of competitive inhibitors, or a change in the fraction of total glucose molecules colliding with the carrier (due to a change in tubular diameter or velocity of flow) could influence the titration curve. Splay thus could increase without an underlying change in functional homogeneity of the constituent nephrons, yet in this explanation as in the previous two, a basis must be found for the fact that splay emerged only at very low GFR. The present studies do not allow differentiation among the three possibilities presented. In an effort to obtain further insight into the mechanism of the splay, we have employed an experimental model and the results of the latter studies will be described in a separate communication (7) .
